Binocular rivalry is a visual phenomenon in which perception alternates between two different monocular images presented to each of the two eyes. Here, we propose using this phenomenon as a method to study the relation between action execution and action perception. In our experiment, a simple background (a checkerboard) was contrasted with a video representing a hand continuously grasping and releasing a ball. In Experiment 1, our subjects were asked to reproduce the perceived movement with their right hand whenever they became aware of it and to stop doing this when the checkerboard dominated. Our results revealed that motor imitation of the perceived action significantly increased the time spent perceiving the hand. Three control experiments showed that these effects were not due to a generic involvement of focused attention (Experiment 2 and 3), to a verbal description of the performed action (Experiment 3) or to the execution of an unrelated movement of the hand (Experiment 4). Although an intrinsic connection between action execution and attention cannot be excluded with certainty, and the boundary between action imitation and unrelated action execution may vary along various degrees of similarity, on the whole, the present results seem to suggest, at least on a preliminary basis, that action imitation do play a relevant role in the perception of action. We discuss these findings in the frame of current theories concerning the relation between perception and action.
Introduction
When two conflicting images are presented to each eye using different techniques (e.g. a stereoscope, anaglyph spectacles or crossing the two eyes until the two images are superimposed), the two images spontaneously start to alternate every few seconds, rivaling each other for exclusive dominance in perceptual awareness.
This phenomenon, called binocular rivalry has been mainly studied in the attempt to locate its source in the multiple levels of the cognitive hierarchy [1] . Behavioural, fMRI and single-cell recording studies have suggested that low- [2] [3] [4] [5] [6] [7] and high-level [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] adaptation throughout the visual system can have an equally influential, or even causal, role in controlling the effect.
More recently, binocular rivalry has been used to demonstrate that personality traits (e.g. general anxiety) [18] [19] [20] , the positive or negative overt affective value of the rival images presented [21] [22] [23] , and even learned affective information or ''gossip'' (personality traits contingently and randomly associated with completely unknown faces [24] ) can influence the rate of the alternation of the perceived images and their relative period of dominance. In this perspective, the researcher's interest is not in discovering the structure of the phenomenon in itself, but rather in using it as a dependent variable, a sort of perceptual unit of measurement for quantifying how different variables may directly influence the way we select images and, more broadly, perceive the world.
The aim of the present study was to use binocular rivalry to investigate for the first time how imitating an action influences the perception of the same action representation.
The idea that perception and action are closely related and influence each other can be traced back to two different theoretical sources. From a perceptual perspective, the concept of 'affordance' [25] expresses the intuition that perception of the external world always entails information about potentially related actions.
From a more 'action based' perspective, the theory of ideomotor action [26] assumes that the anticipatory representation of an action's sensory feedback (which is in itself a sensory-response image) is used to control an action.
A closer and tighter combination and interplay between the perceptual and action dominions has been more recently formulated in a general theoretical framework that is known as the Theory of Event Code [27, 28] , according to which, stimuli and responses are represented in the cognitive system in terms of an abstract common code. Evidence regarding this close (and) bidirectional link between perceptual and motor processes has been provided by a number of behavioural studies which show that an image can prime the motor system and speed up the initiation of an action (visuomotor priming) [29] [30] [31] [32] . On the other hand, vision can be affected by action-induced effects [33] [34] [35] [36] [37] [38] [39] [40] . In this case, the motor preparation of an action facilitates the recognition of a target image that is congruent with that action (motor-visual priming).
The recent discovery of neurons in both the monkey [41, 42] and human cerebral cortex whose activity is triggered either by the observation or execution of actions, seems to be the strongest evidence that the combination (integration) of perception and action actually occurs in the cerebral cortex. In general, it is believed that the IFG (Inferior Frontal Gyrus) [43] , IPL (Inferior Parietal Lobe) [44] and STS (Superior Temporal Sulcus) form the neural circuit subserving what has been called the ''Action Observation Network'' (AON) [45] [46] [47] [48] or ''Motor Resonance System'' [49] .
Binocular rivalry could be a simple and powerful way to explore the relationship between action and conscious perception. Any variation in the pattern of dominance of the competing stimuli as a function of action execution should provide a direct measure of the influence that executing the action has on the perception of the stimulus related to that action. Accordingly, Maruya and colleagues [50] and Beets and colleagues [51] demonstrated that moving a cursor in the direction of a moving pattern makes that direction dominate for longer in the perception of rival moving patterns.
However, if one attempts to interpret the behavioural data in terms of the underlying neurophysiological structures, moving patterns do not seem to be the most suitable stimuli for achieving this goal, as one of the distinctive features of the AON is that it seems to be susceptible to biological motion, but not to motion in general [52, 53] .
Here, we test the effect of action execution on the perception of the same action representation in a binocular rivalry condition. In the main experiment, we presented subjects with a pair of stimuli, one of which consisting of a neutral checkerboard and the other a video continuously repeating the sequence of a hand grasping and releasing a small ball (see Fig. 1a) . We compared the duration of the alternations between the two stimuli in two conditions: in the first condition, the subjects passively observed the stimuli and simply reported which one dominated at any given time (''observation'' condition); in the second, the subjects had to execute with their hand the movement they observed, but only when the image of the grasping hand was dominant (''task execution'' condition).
Three further control experiments were planned in order to differentiate the possible effect of action imitation from other possible sources of influence, such as focused attention (experiments 2 and 3), verbal description of the action (experiment 3) and generic motor activation (experiment 4).
Materials and Methods

Participants
Forty participants with normal or corrected to normal vision took part in the study. There were 10 subjects (five women, 22630 years) in the main experiment (Experiment 1), 10 (four women, 21-32 years) in the first control experiment (Experiment 2), 10 (six women, 20-30 years) in the second control experiment (Experiment 3) and 10 (four women, 22-32 years) in the third control experiment (Experiment 4). All the participants were students in the faculty of Psychology.
Ethical statement
Written informed consent was obtained from all participants. The study protocol was approved by the local ethics committee (''Sapienza'', University of Rome) in accordance with the ethical standards of the Declaration of Helsinki.
Materials
Our stereoscope was made in poliplat. A square hole (the 'picture panel') was located at each end of the stereoscope and allowed the subjects to view what was displayed at each end of the instrument. Each image was projected to a different eye by means of two mirrors located at the centre of the box, forming a 90u angle. Two holes were cut in the surface of the stereoscope in front of the vertex of the two mirrors to allow for the projection of the two images reflected by each mirror to both eyes. Two monitors, which were connected to two computers (running the Windows XP Operating System), were placed at the bottom ends of the stereoscope to project the two rival stimuli.
Stimuli
In Experiments 1, 3 and 4, the rival stimuli were a checkerboard pattern image (we refer to this as the 'motionless stimulus') and a video showing a hand grasping and releasing a ball on a checkered background (we refer to this as the 'dynamic stimulus'), as shown in Fig. 1a . Across experiments all stimuli had the same dimensions (i.e. each had a 3.45u62.78u visual angle along the horizontal and vertical axes, respectively). As the hand introduced a clear element of discontinuity with respect to the background, we added a darker shadowy and motionless spot (which resembled the silhouette of the grabbing hand) to the checkerboard (neutral) stimulus. This shadowy silhouette was placed in the same position as the hand in the rival stimulus (see Fig 1a, left side) . The averaged luminance of the checkerboard and the video stimuli were 37.3 and 23.8 cd/m 2 , respectively. The rival stimuli in Experiment 2 consisted of: 1) the same checkerboard as in Experiment 1, but without the dark shadow (we also called this the 'motionless stimulus'); 2) the two numbers '7' and '2', with an arithmetic operator in between (''dynamic stimulus''; see Fig. 1b ). The two numbers were surrounded by a checkerboard frame. The arithmetic operator changed continuously every two seconds and consisted of one of four symbols: + (plus), 2 (minus), 4 (divided), and 6 (multiplied). To prevent the subjects from becoming used to the answer sequence, the operator sequence changed in a quasi-random way. The average luminance value was 48.4 cd/m 2 for the motionless stimulus, and 46.5 cd/m 2 for the dynamic one.
Procedure
The experimental session was organized in four blocks lasting five minutes each. Each block consisted of two conditions: 1) an ''observation condition'' in which the subjects had simply to observe the two stimuli in the stereoscope and report which one was dominant at any time; and 2) a ''task execution condition'' in which they had to perform a specific task on the ''dynamic stimulus'' for as long as they perceived it to be dominant (see the specific instructions for each experiment below). The order of the ''observation'' and ''task execution'' conditions was counterbalanced between the subjects. The experimenter's instructions stressed the criteria the subjects had to use at all times to decide which stimulus was dominant. For example, for the ''dynamic stimulus'' to be considered dominant, its content had to be entirely visible (e.g. the hand performing the entire movement or the two numbers plus the arithmetic operator between them). Once the ''dynamic stimulus'' had gained access to conscious perception, the subjects were told not to switch to the other stimulus if only part of it was visible (e.g. a fragment of the checkerboard popping up somewhere in the image); instead, they had to wait until the checkerboard showed no further sign of the ''dynamic stimulus''. Once the ''motionless stimulus'' had gained access to the subject's awareness, it had to be regarded as dominant even though clues regarding the other stimulus appeared somewhere in the frame (e.g. a finger or a type of moving transparent shadow).
All of the subjects' responses in the experimental sessions were recorded by a blinded collector-experimenter on a third computer using the Superlab 2.1 program. The collector-experimenter pressed one of two keys to record the subjects' responses. A second experimenter (one of the two authors, nearly always C.S.) was present in the lab during the experiment, in order to instruct the subjects and control that they conformed to the tasks requirements.
Before the experimental phase, each participant was trained to distinguish rival images and to express their perception at any particular time (think-aloud protocol). To this end, two grids were used which were composed of half of the image in vertical lines and the other half in horizontal lines. One grid was green and the other red. Accordingly, the subjects could perceive four patterns of dominance: one red image, one green image, one image consisting of vertical lines (half green and half red) and one consisting of horizontal lines (left side one colour, right side the other colour). Subjects who were unable to distinguish at least two of the different rival patterns did not take part in the real experiment. Subjects who correctly reported some sort of perceptual alternations performed a 'pre-test' version of the experimental procedure where they were presented for two minutes with the rival stimuli of the real experiment (see below for more details). During this period, the participants simply had to report which image was dominant at any given time, and their responses were recorded and immediately used as a further measure of sampling. Subjects who failed to report a balanced percentage of alternations between the two stimuli (not beyond the limit of 40% and 60%) did not take part in the rest of the experiment.
The following sections provide more specific information about the instructions, depending on which of the four experiments the subject was involved in. Experiment 1. In the ''task execution'' condition, the subjects had to perform the action they observed (i.e. grasping and releasing a ball placed on a table in front of them, under the stereoscope and hidden from their view) whenever they perceived the hand to be the dominant stimulus. The participants had to verbally tell the experimenter which stimulus was dominant at any given time by saying 'hand' or 'checkerboard' for the ''dynamic'' and ''motionless'' stimuli, respectively. They were also told to pronounce the word only once at the point of transition, and to remain silent until the next transition. In the ''task execution'' condition, the subjects had to start to imitate the action performed by the perceived hand as soon as they indicated it was dominant, and only for as long as it was dominant. In other words, they had to stop reproducing the action as soon as the ''motionless'' stimulus started dominating. Experiment 2. In this experiment the subjects had to say the word ''checkerboard'' or ''numbers'' as soon as either the ''motionless'' or the ''dynamic'' stimulus became dominant in their perception (here again, they had to pronounce the appropriate word only once at the moment of transition, and to remain silent until the next perceived change occurred). In the ''task execution'' condition, immediately after the ''dynamic stimulus'' became dominant, the subjects had to execute the operations indicated by the arithmetic operator between the two numbers and express the results out loud. The second experimenter checked that the subjects' responses were correct and provided feedback if they were not, while the blinded collectorexperimenter independently continued to record the subjects' responses. This approach was utilized to ensure that the subject's attention was on the experimental task. No subject reported any difficulty while executing the task. Here again, the subjects had to stop as soon as the ''motionless stimulus'' was dominant.
Experiment 3. The ''task execution'' condition in the third experiment consisted of a verbal-action task. As in Experiment 1, the subjects had to say the word ''hand'' as soon as they saw that it was dominant in the stereoscope. Immediately after saying the word to the experimenter, the subjects had to start to verbally describe the action they were actually perceiving by saying ''open'', ''close'', ''open'', ''close'' etc. as long as the perception of the hand continued; they were asked to stop speaking as soon as the motionless stimulus became dominant in their perception. Experiment 4. In the ''task execution'' condition of Experiment 4, subjects were requested to execute with their hand an action which was unrelated to the one actually perceived in the stereoscope. They placed their hands on a table in front of them, under the stereoscope and hidden from their view. The palms of the subjects' hands were oriented upward. As in Experiment 1, the subjects had to say the word ''hand'' as soon as the corresponding stimulus became dominant in their perception. At the same time, they had to start moving in turn each finger of their right hand (which was always the same hand they saw in the stereoscope) upward and back to the starting position. We chose this movement because it was easy enough to be performed by the subjects and did not resemble in any respect the movement performed by the visual stimulus in the stereoscope. Moving each finger at a time prevented subjects from simulating (mentally or manually) any prehension movement. Furthermore, subjects were told not to simulate or reproduce any feature of the moving hand perceived in the stereoscope: i.e. they should not try to move their fingers at the same speed or with the same rhythm of the moving hand. Hand movement had to be stopped as soon as the ''motionless stimulus'' became dominant.
Statistical analysis
To eliminate differences between the subjects and obtain a normalized value for the alternation durations, we transformed the raw data with the ratio (a2b)/(a+b), where ''a'' was the averaged dominance duration of the ''dynamic stimulus'' and ''b'' was the averaged dominance duration of the ''motionless stimulus'' for each condition/block and each subject. Positive values of this ''dominance index'' (DI) indicate that the ''dynamic stimulus'' (hand in Experiments 1, 3 and 4; numbers in Experiment 2, see below) prevailed in the competition against the ''motionless'' one. This ''normalized'' value of the dominance time (the DI) was the dependent variable in all of our analyses.
Mixed model 26262 ANOVAs were performed separately for Experiments 1 and 2, with Condition (''observation''/''task execution'') and Block (first block/second block) as within factors and with Sequence (starting with the ''observation condition'' vs starting with the ''task execution'' one) as a between factor. To compare Experiments 1, 3 and 4 we performed a mixed model 3626262 ANOVA, with Experiment (1, 3 and 4) and Sequence as between factors and with Condition and Block as within factors.
As an index of size effect the eta-squared (gp 2 ) measure of variance was used [54] . The post-hoc pairwise comparisons were performed using the Bonferroni test. A significance threshold of P,0.05 was set for all of the statistical analyses. The data are reported as the mean 6 standard error of the mean (SEM).
Data were analyzed using SPSS 21 software.
Results
Experiment 1
The analysis revealed a main effect of the Condition factor (F ( As the results of the first experiment clearly revealed an increase in the dominance duration of the image of the performing hand in the ''task execution condition'' (action imitation), we ran three control experiments in order to explore more in depth three issues. The first one concerns the possible role of attention in the observed effect (Experiments 2 and 3), the second explores the possibility that the effect may be due to a representation of the action at an abstract level (Experiment 3) and the third compares the contribution of action imitation to the contribution of action execution in general (Experiment 4).
In Experiment 2, the ''dynamic stimulus'' consisted of the two numbers 7 and 2 with an arithmetic operator in between which changed every two seconds (see Fig. 1b ). In order to catch subjects' attention, in the ''task execution condition'' they had to execute the operations indicated by the arithmetic operator as soon as it changed and express the results out loud.
Experiment 2
The Condition effect was not significant here (p = 0.117, but gp 2 = 0.278, see Fig. 2b ). Also in this case, the ''dynamic stimulus'' (DI mean: 0.23860.066) tended to win the competition against the motionless stimulus in the ''task execution condition'' (DI mean: 0.10160.050) but the effect was clearly not as strong as in Experiment 1. In contrast, the between subjects Sequence factor was significant (F(1,8) = 7.377; p,0.05; gp 2 = 0.480): the dynamic stimulus dominated for longer durations when the subjects started with the ''task execution condition'' (performing the computation; DI mean: 0.28860.062) compared to when they started with the ''observation condition'' (simple observation; DI mean: 0.05160.062). We will discuss the sequence effect in greater detail later. No other main effects or interactions were significant.
The results of Experiment 2 show that simply performing an operation over the ''dynamic stimulus'' does not generate in itself an attentional shift that can account for the effects reported in Experiment 1. However no direct comparison could be made between the size of the effects in the two experiments, as critical stimuli were different. Therefore, we performed Experiment 3 using the same pair of rival stimuli as in Experiment 1 (see Fig. 1a ). In the ''task execution condition'', instead of imitating the hand action, subjects were requested to verbally describe it by saying 'open', 'close', 'open', 'close' etc. as long as the perception of the hand remained dominant.
It is also possible that the dominance of the hand perception in the ''task execution condition'' of Experiment 1 was not specifically due to action imitation but more generally, to the unspecific activation of the motor system involved in the execution of the action. To verify this possibility we designed a fourth experiment in which the stimuli were the same as in experiment 1 and 3. In the ''task execution condition'', subjects were required to move in turn each finger of their right hand as soon as the moving hand became dominant in their perception and to stop doing it as soon as the checkerboard gained access to their awareness (for further details see methods). 3 and 4 respectively). Particularly relevant for the aim of this study was the presence of the Experiment x Condition interaction (F(2,24) = 7.191; p = 0.004; gp 2 = 0.375). In order to interpret the interaction, we performed multivariate tests to assess the influence of the Condition factor on each level of the Experiment factor, and univariate tests to assess the influence of the Experiment factor on each level of the Condition factor. As for the multivariate tests, the Condition factor showed an effect only in Experiment 1 (F(2, 24) = 29.888; p,0.001; gp 2 = 0.555). Bonferroni post-hoc pairwise comparisons showed that the ''task execution condition'' strongly differed from the ''observation condition'' (DI mean: 0.45560.062 vs13860.045, p,0.001; p,.001). The difference between the two conditions was much smaller in Experiment 3 (0.13560.062 vs 0.03060.045, p = 0.081) and null in Experiment 4 (2 0.06660.062 vs 20.01960.045) (see Fig. 3 for a comparison between the two Conditions across the three Experiments).
The univariate tests assessing the influence of the three levels of the Experiment factor on each level of the Condition factor showed a significant effect only for the ''task execution condition'' (F(2,24) = 14.370; p,0.001; gp 2 = 0.545). Bonferroni post hoc pairwaise comparisons, showed that in the ''task execution condition'', Experiment 1 strongly differed from experiment 3 (DI mean: 0.45560.062 vs 0.13560.062; p = .004) and Experiment 4 as well (DI mean: 0.45560.062 vs 20.06660.062; p, .001). (see Fig. 3 for a comparison between the three experiments in each of the two conditions).
Finally, the Sequence x Block x Condition interaction was also significant (F(1,24) = 8.552; p,0.01; gp 2 = 0.262). The interaction can be interpreted considering the univariate tests to assess the influence of the Condition factor on each level of the Block factor for each level of the Sequence factor. When the subjects started the experiment with an ''observation condition'' (Sequence 1) the difference beteween the ''task execution'' condition and the ''observation'' condition was significant but only in the first Block (F(1, 24) = 9.215; p = 0.006, gp 2 = 0.277; Block 1, ''task execution'' condition DI mean: 0.26760.057, vs Block 1, ''observation'' condition DI mean: 0.10660.031). On the other hand, when the subjects started the experiment with a ''task execution'' condition (Sequence 2), the reverse was true, in that the difference between the ''task execution'' and the ''observation'' conditions was relevant only in the second Block (F(1, 24) = 18.645; p,0.001, gp 2 = 0.437; the DI means for the ''task execution'' and ''observation'' conditions in the second Block were: 0.19960.055 vs 20.04160.050, respectively). No other test performed in order to interpret the interaction resulted significant.
As this interaction does not appear particularly relevant from the theoretical point of view, we will briefly discuss it now, putting off to the discussion section the widening of more relevant topics. When we were planning the experiment, we wondered whether a subject who started the experiment with a ''task execution'' condition (where he/she had to imitate the observed action or has to perform a calculation, in Experiment 2) would be induced to simulate the same action (only mentally) in the following ''observation'' condition. This is the reason why we decided to control for the Sequence factor. Indeed, it seems exactly what has occurred either in Experiment 2 and in the combined analysis of Experiments 1, 3 and 4. As shown in Fig. 4 , when the subjects started with an ''observation'' condition the difference between the ''task execution'' and the ''observation'' conditions showed up; on the contrary, when the subjects started with a ''task execution'' condition, the same difference tended to disappear. However, this effect seems to vanish as a function of time and/or practice. In fact, in the second Block probably the subjects became accustomed to the experimental conditions, so that they become able to conform themselves more strictly to the experimental instructions, which required to simply observe in the ''observation'' condition and to imitate (or calculate, in Experiment 2) in the ''task execution'' condition. As a consequence, those subjects who started the experiment with a ''task execution'' condition, showed a difference between the ''task execution'' and the ''observation'' conditions only in the second Block. To sum up, it seems that starting with a ''task execution'' condition may result either in a general increase of the dominance durations of the ''dynamic stimulus'' (independent of conditions) as in Experiment 2 or in a general reduction of the difference between the two conditions (''observation'' vs ''task execution'') as in the combined analysis of Experiments 1, 3 and 4 (the two effects, being clearly related).
No other main effect or interaction proved significant.
Discussion
In the present study, we used binocular rivalry to investigate the relationship between action imitation and action perception. For this purpose, we presented the subjects with a pair of stimuli, one representing a neutral checkerboard and the other consisting of a video that continuously reproduced a hand performing the action of grasping and releasing a small ball. Then, we compared the duration of the alternations between the two stimuli in two conditions: one in which the subjects passively observed the stimuli and simply reported which was dominant at any time, and the other in which the subjects had to perform with their hand the same movement that they were seeing, but only when the stimulus representing the grasping hand was dominant.
Results showed that when the subjects had to imitate the action, the stimulus representing that action remained dominant for longer durations compared to the condition in which they simply had to observe it. This finding is consistent with the idea that the system involved in action execution is also involved in promoting the conscious perception of the same actions.
Three control experiments were carried out in order to check the possible contribution that either a generic attentional bias, or a representation of the action at an abstract level, or a generic activation of the motor system could have exerted in the observed effect. Both attentional bias and abstract representation seemed to affect the perceptual alternations between the rivalling stimuli but neither seemed able to account for the size of the effects found in Experiment 1. In our opinion, the present results indicate that action imitation might play a relevant role, if not unique at least privileged, in the elaboration of stimuli which represent actions.
We will now discuss these results in more detail with reference to some theoretical issues recently discussed in the literature concerning binocular rivalry and the relationship between perception and action.
Action imitation and binocular rivalry
To the best of our knowledge this is the first study on the relationship between action imitation and action perception in binocular rivalry. However we are by no means the first to explore the relationship between action and perception using binocular rivalry or bistable stimuli. The idea that eye movements have a role in the pattern of alternations in binocular rivalry or bistable perceptions dates back to the nineteenth century [55, 56] . Reflexive eye movements, like optokinetic nystagmus (OKN), have been used to monitor dominance in binocular rivalry [57, 58, 59] and have been found to be modulated by the perception of ambiguous motion [60] . Recently, a few studies explored the relationship between action and alternation patterns in binocular rivalry [50] and in bistable or ambiguous perceptions [51, [61] [62] [63] . In general, the results support the conclusion that the direction of a movement shapes the perceived direction of a bistable or ambiguous motion stimulus. By contrast, our stimuli and experimental design have the advantage of being related to a much more specific interpretation in terms of the neural substrates supposedly involved in the cross-talk between action and perception. Indeed, we interpreted our data in relation to specific involvement of the so-called ''action-observation network''. Monkey studies indicate that a portion of the neurons in these regions implement a mirror mechanism, whose specific function is to match perceived actions with motor representations of similar actions [64] (for a study showing the crucial role of the mirror system on imitation in humans see [65] ). By contrast, the relationship between moving patterns and homologous movements of the hand in the same or different directions seems to be a vaguer concept and more difficult to locate in terms of brain structures. We tried to assess more specifically the role of action imitation in the observed effects, by comparing a condition in which the subjects had to imitate the observed action with a condition in which the subjects activated the same effector system performing an action which was however unrelated to the perceived one (Experiment 1 vs Experiment 4) (We designed Experiment 4 in response to an objection raised by an anonymous reviewer. His/her suggestions helped us to provide stronger arguments in the attempt to specify the role of action imitation in the present results). Results clearly showed that only action imitation affected the pattern of perceptual alternations, while the simple activation of the motor system turned out to be ineffective. Of course the role of action imitation in shaping the perceptual alternations in binocular rivalry can be specified at a finer grain level. For example, action imitation could be performed by the same hand or by the opposite hand; the observed hand could be presented in different orientation which, in turn, could be related or orthogonal to the orientation of the performing hand; the action of the observed hand could be reproduced synchronously or asynchronously and so on. The anatomical correspondence between the observed and the performing effector [46, 66] , as well as the congruency of their orientation [32, 35, 67] , and the role of synchronicity between the reproduced and the observed action [40] , are all factors which have been shown to influence the way in which the action is perceived or processed by the visual system. Thus, although we have not yet defined the full range of characteristics which can modulate the role of action imitation in binocular rivalry, we have shown that not any motor activation is able to exert the same effect. Simply activating the motor system during the perception of an action is not sufficient in order to affect the way in which that action is perceived.
Motor code vs abstract code in action execution
When a subject perceives an action and reproduces it, the intention to move may be formulated in an abstract-conceptual code representing the content of the movement to be executed. Indeed, it has recently been proposed that the motor system may also be involved in the comprehension of abstract sentences related to actions [68] [69] [70] . However, data from experiment 3 clearly show that a verbal description of a perceived action is not as effective in shaping the pattern of alternation in binocular rivalry as imitating/ performing that action. This evidence is congruent with one of the earliest theoretical formulations of the idea of a link between perception and action (Greenwald's theory of ideomotor action [26] ). According to Greenwald, the execution of an action is controlled by an anticipatory representation of the action's sensory feedback. The more the format of the action representation is similar to the one used for action execution, the more the anticipatory representation will be transformed into the corresponding action (ideomotor compatibility) [71, 72] . Of course, when the observed action matches the required action, the level of similarity is maximal; in cases in which only verbal or symbolic descriptions are involved the level of similarity is lower.
Motor code vs sensory feedback
The idea that some sort of sensory feedback may have a role in the effects of action execution over the pattern of alternations in the present experiment is indirectly supported by recent findings provided by studies which explored cross-modal interactions in binocular rivalry. These studies showed that touch [73, 74] , sound [75] , and even olfaction [76] may affect the pattern of alternation and dominance in visual binocular rivalry. From a cross-modal perspective, visuo-tactile integration may have affected our results in that during the action imitation the subject's fingers touched the ball. However, we think that the contribution of tactile sensory feedback can hardly be considered relevant in the present case. Suppose that we used a ball and a checkerboard as rival stimuli. In the attempt to isolate the contribution of tactile sensory feedback there would be a condition in which the subject's fingers are stimulated by a ball surface with no action to be imitated or performed. In that case it would be possible that the visual dominance durations of the ball would gain from the simultaneous availability of the congruent tactile sensory information. This does not seem to apply to our condition: there, the subjects instructions stressed the movement of the hand and the same held true as for the subjects' effort when they had to reproduce the action. It seems unlikely that the entire nature of the observed effect might be attributable only to the unattended and secondary effect of the sensation of the fingers touching the ball during the intentional execution of the action. (We are grateful to an anonymous reviewer for giving us the opportunity to explain our opinion on this topic).
In a more indirect way, a link between action execution and cross-modal integration in binocular rivalry has been recently suggested [51] . From this perspective, as one of the signals accompanying the action during motor execution consists of somatosensory re-afference signals, the influence of action execution over binocular rivalry may be interpreted in terms of a more general model of common integration among different sensory modalities [51] . As reafferentation is not required in the verbal description of a perceived action, it may be responsible for the specific improvements in action execution over binocular rivalry. Empirical evidence supporting the contribution of proprioceptive feed-back on binocular rivalry, has been recently provided by Salomon and colleagues, using a Continuous Flash Suppression paradigm [67] Although the reafferentation hypothesis seems to be a good candidate in the attempt to explain the pattern of alternations observed in the present experiment, it cannot be taken for granted. It has been claimed that action can influence perception only when there is a functional relationship between them, i.e., when the integration of both is needed to perform a task, otherwise the effects are absent. In this respect, action planning in relation to the stimulus seems crucial to induce binding between action and perception [77] . As a consequence, it seems unlikely, at least at first sight, that all that matters in the intentional execution of the action performed in the present experiment, is the contribution of the reafferent signal. Such a contribution would have been present even though the action had been performed in a purely passive way.
However, we believe that this issue is an interesting one, deserving further and specifically dedicated empirical investigation.
Motor code vs attention
Attention may influence Binocular rivalry in various ways, i.e by triggering rivalry [78] , shaping the rate of alternations [79, 80] , determining which of the two stimuli will become dominant first [81] [82] [83] , reducing susceptibility to spontaneous switches [14, 81] , prolonging perceptual dominance [79, 84] and enhancing the strength of the suppressed stimuli [85, 86] . We investigated whether attention has a role in modulating the pattern of alternations in binocular rivalry in our control experiments. In Experiment 2, we changed the stimulus competing with the checkerboard, showing to the subject an image representing the numbers 7 and 2 separated by an arithmetic operator randomly changing in time. In the ''task execution'' condition, the subject's task was to perform the operation whenever the stimulus containing the numbers was dominant. In Experiment 3, the stimuli were the same as in Experiment 1 but the task was to verbally reproduce the action represented by the hand in the rival video, again when the ''dynamic'' stimulus (hand) was dominant. Although these manipulations affected the pattern of alternations in Experiments 2 and 3, the effects were much smaller than in Experiment 1, when subjects had to actually imitate the perceived action. Can this result be interpreted by simply assuming that action imitation implies a stronger attentional bias/involvement towards the perceived stimulus? In the case of Experiment 2, the answer can be affirmative. In fact, Chong and colleagues [84] showed that in challenging visual tasks, focusing attention on the visual features of one of the two rival stimuli is required in order to change the alternation pattern. It may well be that in Experiment 2 subjects focussed on the arithmetic operator in order to perform the calculations and disregarded the two numbers, which were kept constant in the stimulus. This may have reduced the potential increase of the dominance durations for that stimulus, considered as a whole (the numbers and the arithmetic operator). However, the same criticism does not seem to hold for Experiment 3, since the stimuli were exactly the same as those in experiment 1 and to perform the task the subjects had to pay the same kind of attention to the visual features of the stimulus. There seems to be no obvious reason why moving a hand in synchrony with a perceived hand should be more attentionally demanding than saying words that describe the movement in synchrony with it. Therefore, we are more inclined to believe that our data confirm the idea that attention can modulate the phenomenon of binocular rivalry, but the modulation we report for action imitation leads to a further component probably related to the specific role of the motor system in perceiving stimuli representing actions. However, our conclusion cannot be certainly considered definitive. (We are grateful to an anonymous reviewer: his/her comments on this issue helped us to discuss more appropriately the possible role of attention in the present work). Imagine as an example a theoretical framework known as the ''premotor theory of attention'' [87] . This theory assumes that planning a goal directed action with any effector system is sufficient to trigger a shift in spatial attention. As a consequence, there would be no question about the possibility of keeping attention and motor planning apart. In this perspective, our conclusion should be restated as follows: being intrinsically connected to the attentional system, action imitation plays a special role in modulating the attentional bias toward the stimulus which represents the action to be imitated. It is this joint contribution of the motor and attentional systems (which could be even considered as a unified motor-attentional system) which affects the pattern of alternations in binocular rivalry.
The premotor theory of attention is an influential and yet disputed theory (for a recent review on this topic, see [88] ). Thus it seems that the question of whether action imitation is intrinsically associated to attentional involvement is an interesting question that still remains to be answered. The present research project was not designed to specifically investigate this issue.
Motor code vs volitional control
Although the question about the role of voluntary control over binocular rivalry seems to be homologous to that of the role of attention, the two topics are conceptually separate. Attention may contribute to selecting the dominant image, but once it has been selected, voluntary control should be needed to keep the image dominant. Particularly relevant for the topic of this paper is a work recently published on this journal [57] . The authors found that human observers can exert a significant amount of volitional control over competing stimuli in binocular rivalry, but only when the elaboration of the represented stimuli involves activation of the dorsal visual stream. Stimuli consisted of moving patterns or analogous configurations that represented apparent motions. Subjects were able to voluntary select the desired stimuli with respect to the competing one, but they were unable to do the same when the stimuli represented static patterns [57] . This finding is consistent with a previous neuroimaging report which showed that in a binocular rivalry stimulation condition, the dorsal stream was activated even when the stimulus representing a manipulable object tool was suppressed by the rival stimulus. On the contrary, stimuli like human faces activated the ventral stream only when they were dominant in the observers' perception [89] . Therefore, the idea is that the representation of moving patterns or stimuli linked to actions is always potentially available in the brain, so the subjects can select it whenever they want.
At first sight, this explanation seems to apply also to the present data, since the larger effect of experimental manipulations over binocular rivalry was obtained in a condition in which the stimuli directly represented execution of an action (a moving hand). But this interpretation can only partially account for the results, because even though the stimuli were exactly the same in experiments 1 and 3, the duration of the alternations varied to a greater extent in experiment 1 than experiment 3. Here again, the variation of the pattern of alternations seems to be due to a specific factor, which, in our opinion, is the direct involvement of the motor system in the perception of stimuli representing actions.
